Recognition of pathogen-associated molecular structures by cells of the innate immune defense via the various Toll-like receptors (TLRs) represents a key event in mounting an inflammatory response and initiating an immune defense. A variety of bacterial, viral, and fungal components are known ligands for these receptors, and their binding initiates proinflammatory responses (19, 23) . In humans, 10 different TLRs currently are known, and their expression and function have been extensively characterized mostly with macrophages and dendritic cell populations.
Mounting evidence points to a significant role for vascular endothelial cells as important players in innate immunity and in controlling the host responses to pathogens. Thus, endothelial cells are active producers of various cytokines and chemokines and also are able to release the signaling molecule nitric oxide, produced by the inducible nitric oxide synthase (iNOS), which has a strong effect on the local circulation and on wound-healing processes (21, 25, 26) . Further, endothelial cells can express various adhesion molecules, can present antigen due to their constitutive expression of major histocompatibility complex molecules, and also can actively induce tolerance by preferentially inducing a regulatory T-cell phenotype (3, 14, 15) . Given these activities, it is of interest to know whether endothelial cells also actively participate in pathogen recognition, which, due to their blood-exposed location, would assign these cells a key role in the initial responses to pathogens that have reached the blood. Indeed, two earlier investigations have shown that endothelial cells express functional TLR2, TLR4, and TLR9 (7, 18) , and several studies hypothesize a contribution of endothelial cell activities induced via TLRs in pathological processes such as sepsis (4, 8) , atherosclerosis (5, 24) , and human immunodeficiency virus proliferation (6) . In view of these observations, we asked whether primary human endothelial cells might also express TLRs other than the aforementioned and might contribute more broadly to pathogen recognition than has been acknowledged so far. Moreover, we also addressed the issue of endothelial TLR expression under proinflammatory conditions, as TLRs are known to occur in most of the diseases cited above and for which an endothelial involvement via TLR-mediated recognition of pathogen-associated patterns currently is being discussed.
With our results, we describe here that, indeed, endothelial cells do express most of the 10 TLRs in resting state and express all 10 receptors of this family under proinflammatory conditions. After the late TLR downstream signaling, we chose an increased interleukin-8 (IL-8) release and iNOS expression as readout parameters for receptor function. In doing so, we see that under resting conditions some of the TLRs expressed appear nonfunctional, while during inflammatory conditions all of the ligands induce increased IL-8 release or iNOS expression, indicating that signaling through some of the TLRs needs additional signals in endothelial cells. 1 h, followed by incubation with the first antibody (polyclonal anti-human MyD88 internal peptide [eBioscience, San Diego, CA]; 1:500 in 5% BSA-PBST) for 1 h. The second antibody, goat anti-rabbit immunoglobulin G (IgG) (heavy plus light chains), highly cross-absorbed and labeled with Alexa Fluor 488 (Invitrogen), was diluted 1:250 in 5% BSA-PBST and incubated for 1 h. For nuclear staining, cells were treated with 10 g Hoechst reagent (Sigma-Aldrich, Deisenhofen, Germany)/ml of PBS for 10 min. Slides were covered in 0.1% 1, 4-diazabicyclo[2.2.2]octane (DABCO)-Mowiol. Optical analysis was performed using a Leica TCS SP2 AOBS laser-scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Endotoxin blockage with PmB. Where indicated, ligands were preincubated with polymyxin B sulfate salt (PmB; Sigma-Aldrich) in aqueous solution for 1 h at 4°C as a stock solution. For use in experiments, dilution with medium to a final concentration of 10 g PmB/ml medium was performed.
Sandwich ELISA of IL-8. The quantification of IL-8 release was performed with a DuoSet ELISA development system kit (R&D Systems, Minneapolis, MN) as described by the manufacturer's protocol. Aliquots of supernatants of HDMEC or HMEC-1 cultures were collected 6 h after the addition of TLR-specific ligands. The reaction with substrate solution was stopped after 5 min. The optical density was measured using a plate reader (FLUOstar OPTIMA; BMG Labtech, Offenburg, Germany) on Maxisorp plates (Nunc, Roskilde, Denmark).
Preparation of RNA and RT reactions. Total RNA from HDMEC or HMEC-1 was extracted by using the RNeasy Mini kit and RNase-free DNase set (Qiagen, Hilden, Germany). One microgram of RNA was used for each cDNA synthesis (Omniscript RT kit; Qiagen). First-strand cDNA was synthesized with both oligo(dT) (Sigma-Genosys, Steinheim, Germany) and random primers (Operon Biotechnologies, Huntsville, AL) for two-step real-time quantitative reverse transcriptase (RT)-PCR. Oligo(dT) primers were used only for conventional two-step RT-PCR. All steps of RT were performed by following the manufacturer's protocol.
Real-time PCR. For quantitative real-time PCR, the concentrations of cDNA and primer sets applied are given in Tables 1 and 2 . The sequences of oligonucleotides were taken from previous publications (18s [13] , TLR1 to TLR8 [27] , TLR9 [1] , and TLR10 [2] ) or were designed by using Primer Express 2.0 (TLR7II and iNOS; Applied Biosystems, Foster City, CA). All primers were purchased from Sigma-Aldrich. The specificity of oligonucleotides was verified by a homology search of the human genome using BLAST (NCBI). Additionally, the specificity was confirmed by performing dissociation curves, and specific PCR products were further verified using agarose electrophoresis. a Sequences of oligonucleotides were taken from previous publications (18s [13] , TLR1 to TLR8 [27] , TLR9 [1] , and TLR10 [2] ) or were designed by using Primer Express 2.0 (TLR7II and iNOS; Applied Biosystems). The detection of amplification was performed by using a QuantiTect SYBR green PCR kit (Qiagen) or a power SYBR green PCR master mix (Applied Biosystems) and an ABI PRISM 7900HT sequence detection system (Applied Biosystems). The running protocol was set to 95°C for 15 min and then 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s.
In setting up the amplifying conditions, a pool of the various treated HDMEC was used that expressed all 10 TLRs. The expression of TLR2 and TLR4 in HDMEC is high, requiring 4 ng of reverse-transcribed cDNA to obtain mean threshold cycle (C T ) values of 25, whereas the other TLR genes require 100 ng of cDNA as a template. Here, mean C T values from 25 to 36.5 were determined.
Using HMEC-1 mRNA, the conditions of real-time PCR were adapted from those for the setting of primary cells. Relative to those for HDMEC, the amounts of cDNA had to be corrected for TLR1 (20 ng as the template concentration) and TLR2 (100 ng); otherwise, the conditions were identical.
Conventional two-step RT-PCR of iNOS and GAPDH. The extraction of total RNA and RT was performed as described above. PCR was performed by using a Taq PCR core kit (Qiagen), as described in the manufacturer's manual, with 250 ng cDNA. Primer sets for iNOS and GAPDH, as well as the cycler protocol, are given in Table 3 . Two-step RT-PCR of iNOS and GAPDH was performed using a GeneAmp PCR system 9700 (Applied Biosystems) exactly as described above. The documentation of the agarose gel was evaluated by Kodak Digital Science 1D software (New Haven, CT).
Statistics. Statistical significance was assessed with two-tailed Student's t tests, and results are given as the means Ϯ standard deviations. A P of Ͻ0.05 is considered statistically significant.
FIG. 1. Resting endothelial cells express 8 out of 10
TLRs. The relative ratio of the TLR gene to 18S mRNA level is given as evidence for TLR expression in resting endothelia. The amounts of cDNA used for two-step real-time RT-PCR are given in Table 2 . (A) In the endothelial line HMEC-1, all TLR genes except TLR7 and TLR8 are expressed. (B) In primary skin endothelia, all TLR genes except TLR7, TLR8, and TLR10 are found (n ϭ 3).
FIG. 2. Activated endothelial cells express all 10
TLRs. Cells were incubated with a triplet of proinflammatory cytokines (IL-1␤, TNF-␣, and IFN-␥; 1,000 U/ml each) for 18 h. Cells then were lysed, RNA was isolated, and a two-step real-time RT-PCR was performed. Data obtained are calculated to the corresponding level of TLR gene expression (normalized to 1) in nonactivated cells. (A) In HMEC-1, we find that TLR2 and TLR3 are significantly upregulated and TLR7 and TLR8 are expressed de novo. TLR6 is significantly downregulated, whereas TLR1, TLR4, TLR5, TLR9, and TLR10 are constitutively expressed. (B) In primary cells, TLR1, TLR2, and TLR3 are significantly upregulated, and TLR7, TLR8, and TLR10 are expressed de novo. TLR5 is significantly downregulated, whereas TLR4, TLR6, and TLR9 are constitutively expressed (n ϭ 3). 
RESULTS
TLR gene expression in human endothelial cells. The expression of the 10 currently known human TLRs on the gene level initially was assessed in HMEC-1. Therefore, cultures of HMEC-1 were grown to near confluence and lysed, and their RNA was isolated, reverse transcribed, and analyzed by quantitative real-time PCR as described in Materials and Methods. In addition to TLR1, TLR2, TLR3, TLR4, TLR5, and TLR9 expression, which has been demonstrated previously (7, 18) , we also found that TLR6 and TLR10 were expressed. Cells were negative for TLR7 and TLR8 (Fig. 1A) .
We observe the same TLR expression patterns in resting Fig. 3B) , and no significant modulation of IL-8 production is seen after ligand addition. (C) When cells were incubated only with IL-1␤ and IFN-␥ (1,000 U/ml each), an increase in IL-8 production of controls (column C) is seen that is similar to that described for panel B, but here a significantly increased IL-8 synthesis is seen after the addition of poly(I:C) and LPS (n ϭ 3 to 4).
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HDMEC as those observed in HMEC-1, excluding the expression of TLR10 (Fig. 1B) . In addition, the mRNA levels of the different TLR genes in HDMEC are comparable to those of immortalized endothelial cells, with a few exceptions ( Table  2) . TLR1 is expressed at a lower level and TLR2 is expressed at a higher level in HDMEC than in immortalized endothelial cells.
We next investigated the expression of TLR genes under proinflammatory conditions. First, HMEC-1 were activated with proinflammatory cytokines (IL-1␤, TNF-␣, and IFN-␥; 1,000 U/ml each) for 18 h. This challenge leads to the expression of all 10 known TLR genes. We found significant increases of TLR2 (by a factor of 13.8 Ϯ 0.9) and TLR3 (by a factor of 1.4 Ϯ 0.03), a significant decrease of TLR6 (by a factor of 0.7 Ϯ 0.04), de novo expression of TLR7 and TLR8, and constitutive expression of TLR1, TLR4, TLR5, TLR9, and TLR10 ( Fig. 2A) .
In identically challenged primary endothelial cells, we observed the upregulation of TLR1 (a factor of 3.1 Ϯ 0.6), TLR2 (a factor of 38.3 Ϯ 27), and TLR3 (a factor of 9.1 Ϯ 2) and de novo expression of TLR7, TLR8, and TLR10. TLR4, TLR6, and TLR9 display a constitutive and unchanged expressional mode. Interestingly, in the primary cells, TLR5 is significantly downregulated (by a factor of 0.35 Ϯ 0.07) (Fig. 2B) .
Functional expression of TLRs: modulation of IL-8 release by addition of TLR-specific ligands. To investigate whether the TLRs expressed in HMEC-1 are functional proteins, cells were incubated with TLR-specific ligands [TLR2, Pam 3 Cys (5 g/ ml) and LTA (10 g/ml); TLR3, poly(I:C) (50 g/ml); TLR4, LPS (100 ng/ml); TLR5, flagellin (500 ng/ml); TLR7, imi- (Fig. 3A) . However, with increased concentrations of CpG DNA, a suppressive effect was seen (5 M CpG DNA resulted in a reduction of IL-8 to 75% the normal level; 10 M CpG DNA resulted in a reduction of IL-8 to 50% the normal level) (9) . For nonactivated HDMEC, we also found a significantly increased IL-8 release with poly(I:C) (5,624 pg/mg Ϯ 769 pg/ mg; a factor of 4.5) and LPS (14,244 pg/mg Ϯ 2456 pg/mg; a factor of 11.3) but a decrease below the level of constitutive IL-8 production with CpG DNA (910 pg/mg Ϯ 94 pg/mg; a factor of 0.7) compared to that of resting cells without additives (1,262 pg/mg Ϯ 359 pg/mg). The other ligands used here do not modify IL-8 production (Fig. 3B) .
Upon activation with a triplet of proinflammatory cytokines (IL-1␤, TNF-␣, and IFN-␥; 1,000 U/ml each), HMEC-1 respond differently to the respective ligand incubations. In this setting, cells produce significantly larger amounts of IL-8 when incubated with Pam 3 Cys (44,704 pg/mg Ϯ 11,590 pg/mg), poly(I:C) (27,188 pg/mg Ϯ 3,559 pg/mg), and LPS (63,482 pg/mg Ϯ 3,898 pg/mg) than do activated cells only (13,824 pg/mg Ϯ 2,480 pg/mg). The challenge of cells with imiquimod leads to a significant reduction of IL-8 release (9,752 pg/mg Ϯ 709 pg/mg). The remaining ligands used in these experiments do not show any modulating effects (Fig. 4A) . Activated HDMEC show a highly and significantly increased IL-8 release (9,503 pg/mg Ϯ 1,347 pg/mg; a factor of 7.5) compared to those of resident controls, and roughly the same level of IL-8 synthesis also is seen after activation with two cytokines (IL-1␤ and IFN-␥; 1,000 U/ml each) (8,563 pg/mg Ϯ 786 pg/mg) ( Fig.  3B and 4B and C). Additional incubation with TLR-specific ligands leads to no significant modulation of IL-8 production when cells are activated with the three cytokines (8,563 pg/mg Ϯ 786 pg/mg) (Fig. 4B) , but we found a significant increase in IL-8 secretion for poly(I:C) (13,118 pg/mg Ϯ 1,868 pg/mg) and LPS (12,166 pg/mg Ϯ 457 pg/mg) if the cells were pretreated with IL-1␤ and IFN-␥ only (Fig. 4C) .
Functional expression of TLRs: modulation of iNOS expression by addition of TLR-specific ligands. To further prove the functional expression of TLRs, we also examined the modulation of iNOS gene expression by two-step RT-PCR after incubating HMEC-1 as well as HDMEC with different TLR-specific ligands as described above. Resting HMEC-1 showed a low level of basal iNOS expression as detected by real-time PCR (C T of 33.5 with 100 ng cDNA). When challenged with TLR-specific ligands, HMEC-1 express increased levels of iNOS (by a factor of 4.6 Ϯ 1.3) only when incubated with poly(I:C). Significant downregulation of basal iNOS expression was observed with flagellin (by a factor of 0.42 Ϯ 0.12) and CpG DNA (a factor of 0.43 Ϯ 0.2) (Fig. 5A) . In resting HDMEC, iNOS mRNA is expressed at the detection limit, but upon the addition of LPS or flagellin, de novo expression of iNOS is seen. None of the other ligands resulted in the induction of iNOS expression in resting HDMEC (Fig. 5C) .
The activation of HMEC-1 by a triplet of proinflammatory cytokines in the absence of TLR ligands leads to the induction of iNOS expression, and this level is further increased by incubation with Pam 3 Cys only (by a factor of 1.3 Ϯ 0.2) (Fig. 5B) . When primary endothelial cells are activated with proinflammatory cytokines, we observe significant increases in iNOS expression upon challenge with Pam 3 Cys (by a factor of 5.1), LPS (a factor of 3.2), flagellin (a factor of 3.7), imiquimod (a factor of 3.1), and CpG DNA (a factor of 4.0). No further increase of iNOS expression is seen with poly(I:C) (Fig. 5D) .
Endotoxin-free ligands lead to iNOS expression and IL-8 release. To verify that the monitored iNOS expression and IL-8 release modulations are based upon ligand challenge and are not the result of endotoxin contamination, we first determined the optimal dose of PmB to block the endotoxin effect of LPS. We preincubated various concentrations of PmB (0 to FIG. 6 . Endothelial responses to ligands are not due to LPS contamination. (A) Different concentrations of LPS were preincubated with PmB at the concentrations shown. Cells then were treated with LPS-PmB combinations for 6 h, and the release of IL-8 was determined. A potent inhibition of the LPS-induced IL-8 formation is seen with 10 g/ml PmB. (B) All ligands were preincubated with PmB (10 g/ml, final concentration). Ligands were the same as those described for Fig. 3 to 5. HMEC-1 cells were incubated with the ligand-PmB mixture for 6 h, and then IL-8 release was determined. All ligands used (except LPS) are free of endotoxin contaminations (n ϭ 2 to 4). Column C, samples without ligands.
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30 g/ml) with two different concentrations of LPS (10 and 100 ng/ml) and measured IL-8 release. We observed that the effect of LPS (100 ng/ml, final concentration) can be blocked by more than 50% when pretreated with 10 g/ml PmB. Using LPS at a concentration of 10 ng/ml, the effects can be completely blocked with PmB (Fig. 6A) . Thus, preincubation of the respective ligands with PmB (10 g/ml) will block effects resulting from endotoxin contaminations. We found that none of the ligands used contain measurable contaminations of endotoxin, since PmB effectively blocked the LPS response but did not interfere with reactions to any of the other ligands (Fig. 6B) . Thus, none of the effects described are due to LPS contamination. In addition, basal levels of IL-8 release also were not suppressed by PmB, demonstrating the absence of LPS contamination in the culture medium.
Specific and time-dependent recruitment of MyD88 to different cell compartments depending on the ligand used.
To further examine the functional binding of TLR-specific ligands to their corresponding receptors, HMEC-1 were incubated with LPS as well as CpG DNA, and endogenous MyD88 recruitment was monitored by immunofluorescence using laser-scanning microscopy. Poly(I:C) was used as a negative control, since it activates a MyD88-independent pathway. Three different time points (5 min, 10 min, and 4 h) were examined, and we found that incubation for 5 to 10 min led to the maximal MyD88 recruitment upon LPS or CpG DNA challenge. Upon the addition of LPS, MyD88 was recruited to the plasma membrane. The incubation of cells with CpG DNA leads to an accumulation of MyD88 at vesicles near the nucleus. Upon poly(I:C) challenge, MyD88 is located evenly throughout the cytoplasm exactly as in nonchallenged cells (Fig. 7) . Thus, the recruitment of MyD88 is specific for the TLR ligands and further proves the functionality of the TLR signaling cascade in human endothelial cells.
DISCUSSION
The human skin is well protected against pathogen invasion by various mechanisms that represent the so-called first line of defense. However, this protection works only in the intact skin, and once the barrier function is compromised, additional defense reactions are needed. Since the infliction of wounds and, thus, barrier breakdown are frequent events, the onsite presence of components of the innate immune system should help to rapidly induce protective reactions against invading pathogens. An important feature of innate immunity is the pathogen-associated molecular pattern recognition via TLRs. Indeed, it has been shown previously that both keratinocytes and dermal endothelial cells can express TLR1, TLR2, TLR3, TLR5, and TLR10 in epidermal cells (16) and TLR2, TLR4, and TLR9 in endothelial cells (7, 18) . Since wounds usually are associated with endothelial damage and since endothelial cells are important gatekeepers in regulating leukocyte infiltration and, thus, local immune responses, here we studied TLR expression and function in human dermal endothelial cells. We also examined the impact of a proinflammatory environment, again because such a reaction is known to occur during and to be crucial for the healing process. To demonstrate the expression of the TLRs on the protein level and therefore the functionality of the receptors, we examined the relatively early event of IL-8 secretion, a well-known endothelial function serving leukocyte recruitment, and the comparatively late event of iNOS expression, a hallmark of inflammation and an important reaction in the wound-healing process (12, 20, 25) .
Our results can be summarized as three major findings. (Tables 4  and 5 ).
In resting, nonactivated cells, the TLR expression patterns of the cell line and the primary nonimmortalized cells are identical, with the exception of that for TLR10, which is not expressed in the latter cells. This difference likely is not due to donor-specific variations, as we used primary cells from three different donors.
Our data demonstrating that TLR expression in resting endothelial cells agree with the previously observed expression of TLR2, TLR4, and TLR9 (7, 18) and further extend the list of endothelial TLR uses.
Upon mimicking an inflammatory environment by culturing the cells in the presence of proinflammatory cytokines, we were surprised to find that all 10 receptors were expressed. To our knowledge, this is the first observation of a single human cell type expressing all of the TLR genes. The cytokine-induced modulation of TLR expression is nonuniform, and we found three different types of responses: (i) increased or de novo expression, (ii) expressional decreases, or (iii) a constitutive type of expression. Here, the differences between immortalized and primary cells become apparent. In general, cytokine-induced responses are more prominent in primary cells, whereas effects in the cell line appear blunted, which may explain why increases in TLR1 and de novo TLR8 expression are significant in primary cells only. The most prominent difference is with TLR genes from the second group, in which only TLR6 shows significant downregulation in the cell line, whereas in primary cells this is seen with TLR5 only.
With regard to the functional studies, the results can again be grouped into three different classes: (i) activity found in resting and activated conditions, (ii) activity seen in the presence of cytokines only, and (iii) no activity noted under resting conditions despite expression. The overall responses differ between the cell line and the primary cells, again indicating that signaling is altered during the immortalization process. However, screening for responses under any of the conditions reveals that all receptors tested are indeed functionally active in skin-derived endothelial cells. Some TLR responses are absent in the resting state but are significant under proinflammatory conditions, indicating the need for combined signals for effector function. Some ligands increase IL-8 production with no iNOS induction found, such as that with Pam 3 Cys, or vice versa, such as with flagellin in primary cells. In initial experiments, we also had included peptidoglycan, as this was thought to represent a ligand for TLR2, but recently it has been recognized as an NOD1/2 ligand (17, 22) . Interestingly, this receptor also TLR1  TLR2  TLR3  TLR4  TLR5  TLR6  TLR7  TLR8  TLR9  TLR10 appears to be functional in activated endothelial cells, leading to highly increased iNOS expression in the presence of proinflammatory cytokines (by a factor of 4.5; data not shown).
Of special interest is the finding that the response also can result in the downregulation of basal IL-8 production or iNOS expression below the constitutive levels, as is seen for flagellin and imiquimod but is most significant for CpG DNA. Interestingly, a similar observation has been published recently for the systemic application of CpG DNA, in which a sequence lacking the poly(G) tail was used and in which T-cell suppression was seen when CpG DNA was administered systemically, a path that initially addresses the endothelia (11) . In studying the immediate signaling route via the detection of endogenous MyD88 and its subcellular redistribution following ligand addition, we indeed found the expected routing towards the plasma membrane with LPS and to intracellular vesicles after CpG DNA addition, whereas poly(I:C) challenge did not induce redistribution. This also shows that the unexpected suppressive response to CpG DNA occurs as a consequence of the well-characterized signaling pathway.
In summary, here we provide evidence that human skin endothelial cells are extremely well equipped for recognizing pathogen-associated molecular patterns. Moreover, this cell type will actively respond in a specific nonuniform manner to the different TLR ligands. Of note, the response does not always consist of an upregulation of the inflammatory response but also can represent suppression. It thus appears that skin endothelia play a major role in innate immune responses and may well represent the only cell type for which the expression of all TLR genes currently known is seen (9, 10) .
